ABSTRACT To promote the speed of the supersonic air-to-air missile response when the target moves rapidly, a serial compliant mechanism based on the traditional double-slider mechanism actuated by shape memory alloy (SMA) wire is proposed to adjust the protruding height of the flow effector (FE) from the projectile. The aim is to achieve the active disturbance control of the projectile flight attitude. The actuation displacement of the SMA wire is amplified in the output direction, and the FE actuator structure is more lightweight and compact. Based on strain energy, Castigliano's second displacement theorem, and the coordinate transformation method, a free-end displacement mathematical model for a single corner filleted flexure hinge with a single load is developed. For the serial compliant mechanism under single or multiple loads, displacements of the focus points on different rigid links are investigated under varying boundary conditions, such as one fixed end and the other free, double fixed ends, one fixed end and the other a guide end, and double guide ends. The input displacement, output displacement, and displacement amplification of the proposed FE actuator are provided based on the above-mentioned compliance model and verified by finite element analysis and experiments.
I. INTRODUCTION
As the battle for air supremacy becomes increasingly intense, the air-to-air missile is gaining significance as the most effective weapon, and has reached a new research stage [1] - [3] . Moreover, the projectile requirements of light weight, adaptability to complex environments, and high mobility are becoming higher. The flow effector (FE)-actuator is very effective in satisfying the above requirements by means of the ''push up'' and ''pull back'' movements on the projectile cone nose surface [4] , [5] .
Numerous research institutes have proposed kinds of FE actuator configurations, of which there are two main types: one adopts the traditional mechanism and simple physics theory for design, while the other applies new intelligent materials or new structures. Kim et al. [6] proposed an FE The associate editor coordinating the review of this manuscript and approving it for publication was Gursel Alici.
actuator driven by a DC motor with multiple sets of cams, the protruding height of which can be adjusted continuously in the axial and circumferential directions. The FE actuator performance is stable and its operation is simple. However, certain limitations are also obvious owing to the high weight, slow response, and non-compact structure. Frost and Costello [7] developed an FE actuator by changing the inner inertial mass distribution of the projectile, and obtained the aerodynamic characteristics. Celmins [8] proposed an FE actuator by using a linear solenoid combined with a spring tab, which can operate at a frequency of 60 Hz within a low number of cycles.
To reduce the volume and mass of the FE actuator and improve the response speed simultaneously, Wong et al. [9] and Lechevin et al. [10] adopted a lever structure driven by two shape memory alloy (SMA) wires, and the traditional rotary hinge was replaced by a flexure hinge. The difference algorithm was used to realize the ''push up'' and ''pull back'' movements continuously and repeatedly. This method exhibits large displacement amplification (DA), because the power arm is shorter than the resistance arm. However, the structure stiffness is weak, which limits the push-up height under a large load. Furthermore, Wu et al. [11] designed an FE actuator actuated by SMA wires through traditional cam and the worm gear mechanism. The structure offers the advantages of the above two schemes, but the mass is obviously high.
Analyzing the characteristics of the current FE actuator, it is usually positioned on the missile nose, driven by the SMA wire, actuated by the compliant mechanism, and outputs linear displacement. At present, the compliant mechanism is widely used to produce a small linear displacement or angular displacement with high precision. The compliant mechanism is composed of several flexure hinges interconnected with several rigid links. Based on the small deformation theory and compliant mechanism deformation derived from the flexure hinges assumptions, the analysis method for the compliant mechanism mainly includes Castigliano's theorem method, the pseudo-rigid-body model method [12] , the matrix method, and the finite element method.
Lin et al. [13] , [14] proposed a mathematical model for the flexure hinge under the above geometric configurations. The compliance, rotation precision, and structural stiffness were taken into account and the model was verified by means of experiments. Lobontiu et al. [15] and Lobontiu [16] proposed a compliance model for the flexure hinge with a symmetric conicsection, based on the closed-form compliance equations, which was verified by finite element simulation. Xu and King [17] conducted research on the flexibility and accuracy of different flexure hinges by using the finite element analysis (FEA) method. Moreover, Zhu et al. [18] carried out in-depth research on the topological optimization of the compliant mechanism, and obtained an entire set of methods to design and optimize the compliant mechanism parameters. Du et al. [19] analyzed the static deformation model of the SMA flexure hinge and described its superelastic behavior, which revealed that the SMA flexure hinge offers significant potential for application to the large deformation compliant mechanism. Lobontiu et al. [20] , Lobontiu and Garcia [21] , and Lobontiu [22] presented a displacement model of the focus points on the flexure hinge with a guide end and a fixed end.
The geometric configurations of the flexure hinge mainly include the right circle, elliptical, parabolic, hyperbolic, corner filleted, and mixed configurations. The corner filleted flexure hinge has a simple structure and large compliance. However, the stress distribution is inferior and the precision is poor.
In this paper, a serial compliant mechanism driven by intelligent materials is proposed. The traditional joints are replaced by flexure hinges, which achieve revolutionary transformation, while the traditional rod mechanism is replaced by the new compliant mechanism. Based on Castigliano's second displacement theorem and the matrix model method, we have established a displacement model for the focus points on the rigid link under different boundary conditions. The FEA method and experiments are used to verify the analysis model.
II. COMPLIANCE ANALYSIS OF SINGLE FLEXURE HINGE A. FE ACTUATOR MECHANISM
The FE actuator is hidden inside the projectile in different radial and axial positions when it is not working. When the flight attitude needs to be adjusted, certain FE actuator pushups occur, as indicated in Fig. 1-(a) , which makes the separation vortex asymmetric, as indicated in Fig. 1-(b) . Conversely, when the FE actuator pulls back, the separation vortex returns to a symmetric form, as illustrated in Fig. 1-(c) .
According to the kinematic characteristics of the FE actuator, the traditional two-slider mechanism can satisfy the requirements, as illustrated in Fig. 2-(a) . The solid line represents the initial position, while the dotted line indicates the position after the actuation.
According to the kinematic relations of the proposed system, the following equations can be obtained:
where x is the input displacement and y is the output displacement. The displacement amplification (DA) ratio is defined as:
Although the traditional linkage mechanism is simple, several problems occur on the joints, such as high volumes, large gaps and poor lubrication [23] , [24] . Mammano and Dragoni [25] presented a bow-like compliant actuator, which was formed by two straight elastic beams mutually hinged at the ends, with a pre-stretched SMA wire in between. In the FE actuator, traditional joints are replaced by corner filleted flexure hinges to form a compliant mechanism, as illustrated in Fig. 2-(b) . The structure exhibits the characteristics of a single load point, multi-point displacement, and double guide ends, and the compliant mechanism is driven by the SMA wire.
B. SINGLE CORNER FILLETED FLEXURE HINGE
The structure and dimensions of the corner filleted flexure hinge are depicted in Fig. 3-(a) . The flexure hinge can be simplified to a cantilever beam model, as illustrated in Fig. 3-(b) . The dotted line represents the corner filleted flexure hinge. Point H is the free end with a load consisting of the horizontal force, vertical force, and bending moment. Point M is the rotation center with a fictitious load that is actually zero. Point E is the fixed end and the coordinate origin is located at point H.
The transverse geometric thickness of the corner filleted flexure hinge is expressed as follows:
where t is the minimum thickness of the corner filleted flexure hinge, a is the half-length of the flexure hinge, and c is the corner radius. The cross-sectional area and moment of inertia are
where b is the cross-sectional width, A(x) is the crosssectional area, and I (x) is the moment of inertia. The flexure hinge condition can be viewed as quasi-static, and the load on the flexure hinge at the present coordinates can be expressed as follows:
With the external load on the free end, the elastic strain energy comprises bending, axial and shearing. The total elastic strain energy of the flexure hinge is expressed as follows:
where E represents the Young's modulus of the flexure hinge material. Based on Castigliano's second displacement theorem, the displacement parameters in a certain direction are calculated by the elastic strain of the linear elastic structure through VOLUME 7, 2019 the partial derivative of a certain point in this direction. The displacement vector of point H can be expressed as follows:
The relationship of the displacement and load at the free end can be expressed in the following form, with compliance matrix {C h }:
By substituting (6) into (7), (8), and (9), the following equations (10), (11), (12), and (13) are obtained. For the corner filleted flexure hinge structure, the compliance matrix {C h } is detailed in appendix A (A.1 to A.4) [14] .
The elastic strain energy owing to shearing cannot be neglected when the length-to-width ratio of the flexure hinge is less than 5 [26] . The shearing effect can be calculated as follows:
where µ is the material Poisson's ratio and α is a correction factor; α = (12 + 11µ) / (10 + 10µ) ≈ 6/5. The common basic unit of the serial compliant mechanism contains two rigid links and one flexure hinge, as illustrated in Fig. 4 . The rigid link on the right side can be regarded as the fixed end; hence, point H is the free end and point M is the pivot. The rigid link on the left side is the free end. Point F is the load position, while point P is the focus point in the global reference frame xoy.
The relationship between the displacement {u h } and load
{F h } at the focus point can be expressed in its local reference frame x h Hy h . Point H, attached to the flexure hinge in the rigid link local reference frame x 1 Hy 1 , can be obtained through the counterclockwise rotation angle φ of x h Hy h .
Furthermore, the load reference frame x f Hy f is located on the point F. Considering the coordinate transformation, the rotation matrix from the local reference frame x h Hy h to the local reference frame x 1 Hy 1 located on the rigid link can be expressed as follows:
where the subscript H represents the free end point; HF indicates the transition from point H to point F; FP indicates the transition from point F to point P; and x HF , y HF , x FP , and y FP are illustrated in Fig. 4 . The matrices in (15), (16), and (17) exhibit the following characteristics:
1) The rotation matrix is an orthogonal matrix whose inverse matrix is equal to the transpose; that is,
2) Assuming that the bending angle of the flexure hinge satisfies θ z ≈ tan θ z according to the small deformation theory, the transition matrix of the load focus point satisfies
where the superscript F represents the force translation matrix, the superscript u represents the displacement translation matrix, and the subscript HF indicates the transition from focus point H to focus point F.
3) On the free end, the displacement of the focus point P satisfies
where the superscript F represents the force translation matrix, the superscript u represents the displacement translation matrix, and the subscript FP indicates the transition from point F to point P.
The calculation process for the focus point displacement matrix can be summarized as follows:
The free end rigid link concerning the displacement {u P } with single force F can be determined as
where
HF and the subscript HFP indicates the focus points, namely: P identifies the point at which the displacements are calculated, F indicates the load application point, and point H identifies the free end of the flexure hinge.
III. ANALYSIS OF SERIAL COMPLIANT MECHANISM
The serial complaint mechanism is used extensively in axisymmetric and closed-loop structures owing to its high stability and accuracy. A linear driving force provided by intelligent materials or piezoelectric stacks (among others). is usually adopted for easy control. Based on the different functional requirements of the serial complaint mechanism, the boundary conditions of the ends may be as follows: one end free and the other end fixed, double fixed ends, one guide end and the other end fixed, and double guide ends, as illustrated in Fig. 5 . T and,
T ; and the conditions for the fixed end are
A. DOUBLE FIXED ENDS CONFIGURATION
The simplest configuration for the serial compliant mechanism is a free end and a fixed end under a single load as illustrstrd in Fig 6. The location of the arbitrary focus point is either between the free end and load (P 1 ) or between the fixed end and load (P 2 ).
For the focus point P 1 , the rigid link with applied a single load F j applied, plus the free end and all of the rigid links and flexure hinges between them, can be regarded as a new rigid link. According to (19) , the displacement of the focus point P 1 is expressed as
where the subscript H F j indicates the flexure hinge attached to the right side of the rigid link under an external load. Similarly, any flexure hinge between the rigid link under an external load and the fixed end are named H i , and the displacement induced by the rotation of H i is
Therefore, the displacement of the focus point P 1 is calculated by the linear accumulation of all deformations of the flexure hinges between the rigid link under the external load and the fixed end as
An assumption of the serial compliant mechanism is raised: any two rigid links and all of the rigid links and flexure hinges between them can be regarded as a new rigid link.
As illustrated in Fig. 6 , point P 2 is between the fixed end and loaded rigid link. Based on the above assumption, the free end of the serial compliant mechanism, the rigid link at which P 2 is located, and all rigid links and flexure hinges between them can be regarded as a new rigid link. Thus, the focus point displacement can be expressed as
VOLUME 7, 2019 FIGURE 6. Serial compliant mechanism with one end free and the other end fixed.
Considering the complex condition, the external load can be expressed as
Thus, the displacement of the focus point with multiple loads should be regarded as the linear additivity of each single force. Considering the multiple external loads applied to the rigid links between the two focus rigid links, the displacement of the focus point with multiple forces is:
The condition for the double fixed ends is the same as that for a fixed and free end. The reaction load {F A } can be expressed as
A sketch of the serial compliant mechanism with double fixed ends and the reaction load is provided in Fig. 7 . The displacements of the focus point and reaction load {F A } satisfy the following:
By combining (25) and, (26) with (28) and, (29), the following equations are obtained:
The reaction load {F A } is determined by the displacement as follows: where the matrices are
By substituting (27), (32), and (34) into (33), the reaction load {F A } can be obtained.
B. DOUBLE GUIDE ENDS CONFIGURATION
The serial compliant mechanism with a guide and fixed end could be regarded as a particular case of double fixed ends, as illustrated in Figs. 8-(a) and (b) , where the reaction load is zero in the guide direction. Thus, the reaction load at the guide end {F A } and displacement {u A } can be determined as follows:
Substituting (34), (35), and (36) into (32), the reaction load {F A } is obtained. Based on (30) and (31), the displacement of the focus point can be obtained for the condition of a guide end and fixed end. The condition of the double guide ends is similar to a special case of the double fixed ends with the reaction load {F A } on the left side and {F B } on the other side. The serial compliant mechanism with double guide ends is illustrated in Fig. 9 , where (a) and (b) represent the left side, and (c) and (d) represent the other side.
In this paper, considering the general application background and dynamic characteristics of the compliant VOLUME 7, 2019 FIGURE 9. Serial compliant mechanism with double guide ends. mechanism, the two guide ends are mutually perpendicular. The reaction load {F A } is (35) and the reaction load {F B } and displacement {u B } are expressed as follows:
For the reaction load {F B }, the displacements of the focus points P 1 and P 2 satisfy the following:
where the subscript H' i indicates the flexure hinge attached to the left side of the rigid link under an external load. By substituting (39) and (40) into (30) and (31), the displacements of the focus points are obtained as follows:
In particular, the displacements of the two guide ends can be written as (43) and (44), which are (36) and (38).
IV. FE ACTUATOR COMPLIANCE ANALYSIS A. FE ACTUATOR DISPLACEMENT MODEL
As illustrated in Fig. 2-(b) , the configuration of the FE actuator is symmetrical; hence, it can be simplified to analyze the half-side of the serial compliant mechanism, as indicated in Fig. 10-(a) . The input position is named number 1, the output position is named number 6, and the other positions of the flexure hinges are depicted in Fig. 10-(b) . The rigid link dimensions are neglected and the rigid links are simplified to be straight lines without widths. The external load and reaction loads on the two guide ends are determined as follows:
When the focus points are at the two ends, the following steps can be adopted to calculate the input and output displacement:
1) Calculate the external load {F} and reaction load {F 1 } by the input displacement {u 1 }. 2) Use the external load {F} to determine the reaction load {F 6 } and output displacement {u 6 }.
Based on the method mentioned above, (45) is substituted into (43) and (44). The displacements of the two guide ends are obtained as follows:
When no external load is applied in the y-direction; that is, F y1 = 0, the input and output displacements of the two guide ends satisfy:
where C H 2 F1 , C H 4 F1 , C H 2 F 1 1 , C H 4 F 1 1 , C H 3 F 6 6 , and C H 5 F 6 6 are calculated in appendix B (B.1 to B.6). Then, the displacement amplification coefficient of the structure is
B. FEA AND EXPERIMENTS
The following numerical parameters are provided for the analysis: l 1 = 0.00975 m, l 2 = l 4 = 0.005 m, l 3 = Fig. 2-(a) , where l = 0.04 m and α = 60 • .
Structural static simulation using FEA is applied to validate the equations that calculate the compliance matrix when the flexure hinge thickness varies from 0.4 to 1.0 mm. Four-node plane elements with two degrees of freedom per node are used. The guide boundary is used for the input and output rigid links and the legend is the input direction displacement, which is illustrated in Fig. 11-(a) . The FEA results are illustrated in Fig. 11 , and Table 1 displays the results under different flexure hinge thickness.
To acquire the input and output displacement data of the FE actuator, the experimental system was constructed as illustrated in Fig. 12 . As can be observed in Fig. 12-(a) , the experimental setup consists of a computer data acquisition system, power source, input and output laser displacement sensor, test equipment, sensor controller, and conducting wires. The power source adopted is long-pulse constantcurrent power. The specimen is illustrated in Fig. 12-(c) , where the thicknesses of the corner filleted flexure hinge are 0.4, 0.5, 0.6, 0.8 and 1.0 mm respectively. The weight of the 0.4 and 1.0 mm specimens are 25.24 g and 25.60 g, respectively. As indicated in Fig. 12-(b) , the FE actuator mainly consists of an SMA wire with a heat-shrinkable tube, compliant mechanism, horizontal guide block, and vertical guide block. The diameter of the SMA wire is 0.4 mm and pre-strain into 8%. The material physical properties, phase transition temperatures, and recover stress of the SMA wire are displayed in Table 1 .
The phase transformation temperatures of SMA M s , M f , A s and A f are the martensitic starting temperature, martensitic finishing temperature, austenitic starting temperature, and austenitic finishing temperature, respectively. The length of the SMA wire used in the test is 120 mm. The SMA wire was pre-stretched to 8% and released at an ambient temperature.
The experimental results are presented in Figs. 13 and 14. In Fig. 13 , the response time of the SMA wire is approximately 0.16 s from power-on to the peak displacement under a current of 3 A. Owing to the actuation limits of the SMA wire, the maximum output displacement is 3.65 mm and the maximum input displacement is 2.16 mm when the flexure hinge thickness is 0.4 mm. As the flexure hinge thickness increases, the input and output displacements decrease. Figure 14 illustrates the input and output displacements versus time with a flexure hinge thickness of 0.5 mm and current of 1, 2, and 3 A. With the increasing current, the response time of the SMA wire decreases and the output displacement becomes larger and more stable, making it easy to be controlled. The experimental output displacement is larger than the analytical output displacement, which is basically the same as the FEA results, as indicated in Table 2 .
Therefore, the input-output displacement relationships of the guide ends with different flexure hinge thicknesses for the analytical model, FEA model, experiments, and classical mechanism are illustrated in Fig. 15 . The output displacement of the compliant mechanism is greater than that of the classical double-slider mechanism. When the thickness is small, the error between the analytical and experimental output displacement is within 2%. However, when the thicknesses are 0.8 and 1.0 mm, the errors increase to 5.4% and 13%, respectively. When the external load {F} is sufficiently powerful and applied to a large surface in the analytical model, the reaction load of the input end in the y-direction is zero. The diameter of the SMA wire used in the FE actuator is 0.4 mm, and the recovery force generated by the SMA wire is not sufficiently powerful and applied at the midpoint of the input end section, as indicated in Fig. 2-(b) . When the SMA wire is heated by the electric current, the input end will deflect owing to the large thickness of the flexure hinge. Consequently, the reaction load in the y-direction increases. This is the reason that the error increases sharply as the flexure hinge thickness increases.
V. CONCLUSION
This paper has presented an analytical compliance method for the FE actuator based on the serial compliant mechanism with double guide ends. According to the theoretical analysis, FEA simulations and experimental verification, the following conclusions can be obtained:
1) A compliance model for the serial compliant mechanism with double guide ends was established. The output displacement and displacement amplification can be accurately predicted.
2) The input/output displacement is sensitive to the thickness of the flexure hinge actuated by the SMA wire. When the flexure hinge thickness is smaller than 0.6 mm, the errors are below 2% and the displacement amplification is stable.
3) The output displacement of the FE actuator can be amplified further in future research by means of the following methods:
• Increase the length of the input end in the x-direction.
• Design a lift angle on the bottom of the input end.
• Make angle φ smaller.
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